We have developed a new type of convolute called the Clam Shell MITL (CSMITL) to couple multi-level accelerators to a common load.
I. INTRODUCTION
Experiments on multi-module, pulsed power accelerators are providing new insights into high-energy density physics [I] , isentropic compression [2] , shock physics [3] , inertial confmement fusion [4] , and radiation effects simulation [5] . These experiments require tens of millions of Amperes to be delivered to a common load through self magnetically insulated transmission lines (MITLS) and a self magnetically insulated convolute to a single disk current feed [6] [7] [8] [9] . The post hole convolute (PHC) [6] [7] [8] [9] is the most developed convolute geometry and works well when the inductance of the load is low. However, the complex 3-D distribution of the magnetic field in the PHC design is accompanied by current loss for higher inductance loads. [10] [11] [12] [13] . Modifications of the PHC continue but mitigating these losses for high inductance loads has proven to be difficult. Therefore, we propose a radically different design to mitigate the losses by 1) removing the magnetic nulls to a large radius where the electric field can be kept below the threshold for electron emission and 2) avoiding magnetic field lines that go from the cathode plasma into the more highly stressed regions of the MITL. In addition, the design reduces the complexity of the expendable hardware near the load and 978-1-4577-0631-8/12/$26.00 ©2011 IEEE has the potential of significantly reducing the cost of an experiment.
As shown in Figure 1 , the design is topologically a single disk feed within the CSMITL itself.
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Figurel. The progression from a single disk feed (top) by alternating up-down vertical displacements (middle) to form the CSMITL (bottom) does not introduce any magnetic nulls. Varying the anode-cathode gap with distance from the center provides the desired impedance profile.
After the transition from the vacuum insulator to the CSMITL, the new design is topologically a single disk feed with continuous magnetic field lines between interleaved cathode and anode vanes that emerge from the surfaces of the anode and cathode conductors at a small radius ro, as shown in Figure 1 . The height of the vanes and the anode-cathode separation both increase with increasing radius. The resulting geometry is similar to the convolutions of a giant clam shell, so the design is called a Clam Shell MITL (CSMITL).
The height of the configuration at large radius is sufficient to mate the CSMITL to multiple levels of the vacuum insulator by disk-to-vane current connections. Each connection should be a wide as practical to minimize its inductance. The current contacts for the top anode, cathode, and bottom anode are shown in Figure 2 . The location of representative current connections and a 20° portion of the azimuthally symmetric blocking inductor is shown.
II. DESIGN REQUIREMENTS
We developed a set of 17 requirements [14] for conservative designs of MITLs and applied them to an initial CSMITL design [15] for Z. Detailed simulations that guided the design for the Z CSMITL informed the general design of the Saturn CSMITL, which was designed from the 17 requirements without Saturn-specific simulations.
Although the CSMITL may eventually lead to lower inductance designs, high efficiency-not lower inductance--was the goal of these first experiments. The conservative requirements guarantee that the overall inductance is about the same as that of a standard MITL with a Post-Hole Convolute.
The design requirements are discussed at length in reference 14 and are briefly summarized for convenience: 1. Keep the electric field E<330 kV/cm for bare stainless steel on a) the metal rings (in the vacuum insulator stack) that face a MITL anode to avoid perturbing the electric field grading in the vacuum stack and b) the CSMITL cathode surfaces facing the vacuum insulator to prevent flashover and bulk breakdown within the insulator. 2. Design the MITL impedance profile such that 1) the MITL inductance is low enough to provide efficient coupling between the generator and the load but 2) the electron current Ie = lanode -leathode and the associated current loss does not unnecessarily reduce the load current or heat the anode, thereby initiating ion losses and premature gap closure. 3. Keep the anode-cathode gap--in the power feed that is being bombarded by an intense flux of electrons or xrays--Iarge enough to meet the experimental requirements for x-ray energy and power without shorting. 4. Ensure that there are no magnetic field lines connecting the middle of the MITL gap with the cathode plasma. 5. Make the MITL gap = 10 mm at 10 cm radius. 6. Use 5 mm radial gaps in the cylindrical return current conductor surrounding an imploding plasma load. 7. Design for the highest impedance load planned for the facility 8. Ensure that the resolution in the computer simulations used to design the MITL is sufficient for the pre magnetic-insulation loss front to be distributed over more than one element. 9. Compute the anode heating from the electron loss to the anode, ensure that the temperature rise is < 400°C over as much of the MITL anode as possible, assume that a space charge limited source of protons is located on the anode wherever the temperature rise exceeds 400°C, and assume the ion current is enhanced a factor of two over monopolar space charge-limited ion flow because the local magnetically insulated electron flow provides significant ion charge neutralization. 10. Assume the electron current Ie = lanode -Ieathode is lost to the anode at the end of the outer MITL. 11. Taper the electron injector region at the beginning of the MITL so that the electron emission originates over at least 10 Larrnor radii to maximize Z/low and minimize the electron loss. 12. Make the cathode of the MITL out of stainless steel because electron emission from stainless steel is much more uniform and reproducible than emission from aluminum (with its oxide insulating coating) or alodined aluminum (with its conductive coating that deteriorates with multiple shots) or fragile surface coatings like carbon. 13. Use a validated magneto hydrodynamic code to check on the energy lost to the electrodes if the experimental parameters are outside of the domain studied by Stygar, et al. [16] -i.e. current/width > 10 MA/cm or pulse durations> 300ns. 14. Ensure the electric field is below the threshold for emission everywhere that the magnetic field is insufficient to insulate the electrons. 15. Make the center section of the CSMITL low cost and expendable for every shot. 16. Provide adequate pressure for the current contacts. 17. Electro-polish, vacuum-bake, and gold-coat the hardware that experiences current per unit width in excess of 0. 5 MA/cm to provide highly reliable power flow to the experiment [17] .
III. CSMITL CONFIGURATION FOR Z
The requirements [14] were used to design a CSMITL for the Z Machine at Sandia National Laboratories. The design is illustrated in Figure 3 and has been validated [15] with a series of 3D simulations and circuit simulations. The simulations also identified the following key risks that needed to be explored experimetally: 1) Efficient self magnetic insulation in a MITL with substantial azimuthal variation in the insulation criterion E/B, in which E and B are resepctively electric and magnetic fields, 2) Efficient multi-shot operation without inter-shot conditioning even into high impedance loads, 3) Protection of the vacuum stack from electrons emitted at the outside edges of the CSMITL cathode vanes, 4) Advantageously dumping electron losses where they can do the least damage by controlling the combined ExB and gradBxB drifts of the electrons, 5) Minimization of the ion losses by minimizing the area over which anode plasma is formed and confirming that the electrons do not enhance the ion losses beyond simple bipolar ion flow wherever an anode plasma is formed. The CSMITL experiment on Saturn explored these risks.
In addition, the Saturn experiment compared the power delivered by the CSMITL to the power delivered by a conventional MITL system. Although we would have preferred to compare the CSMITL with a Post-Hole Convolute, the CSMITL experiment supported a high impedance and large-area diode experiment that was incompatible with a Post-Hole Convolute test.
IV. SATURN CSMITL CONFIGURATION
The configuration of the Saturn CSMITL is shown in Figures 2 and 4 . It was fabricted by water-jet cutting 6.35 mm, 304 stainless steel plate to the desired shape and welding the approximately 150 pieces to make the CSMITL cathode and anode. Tolerances were held to +/ Imm.
The configuration resenbles a flat disk with deformations called "tents" as shown in Figure 4 . 
Photograph of the Saturn CSMITL anode (bottom) and cathode (top).
The cathode is shown inverted from its operational condition to show the MITL surfaces and the pattern of metal erosion from electron loss along the ridgeline line of the tents.
The anode-cathode gap in the flat disk tapers from a 10 mm gap at the 34 cm inner radius to 12.5 rum gap at the outer radius of 74 cm. Although the design was built for a 3.75 rum minimum gap, these initial tests had a lO mm minimum gap to satisfy requirement 5, test the pattern of current loss when operating in high impedance loads, and test the robustness of the CSMITL for multiple shots without inspection or reconditioning the CSMITL.
At the 1.65 MV voltage of the CSMITL experiment, a MITL is lossy if the load impedance is greater than ZSELF LIMITED, which is �0. 6 times the minimum vacuum wave impedance of the MITL. The Saturn CSMITL experiment had a minimum vacuum wave impedance of 0. 58 Ohms, so the self-limted impedance was <0.35 Ohms.
The high-impedance load for these experiments was a 2.5 +/-0. 2 MA electron beam that was post accelerated by the l.3+/-0.15 MV pulse from the output of the CSMITL. Therefore, the load impedance was �0. 52 Ohms and the ratio of ZLOAD/ZSELF-L1MITED > l.5. For efficient operation, the load impedance should be �0.6 but the high load impedance let us quickly test the robustness and the key issues from the simulations on the CSMITL for Z.
All mulit-level convolutes have a blocking inductor between the last cathode and a bounding ground plane, which is often the vacuum chamber. The L=42 nR blocking inductor for the Saturn CSMITL is shown in Figure 2 and provides an effective impedance roL � l.7 Ohms for the 40 ns wide power pulse. The blocking inductance was adequate for the experiment and for this particular application but would be substantially higher impedance in an optimized design.
In this experiment, 36 of Saturn's 72 output lines, each of which has an impedance of 8. 4 Ohms, were connected to the bottom, tri-disk, vacuum insulator, for a source impedance of 0. 236 Ohms.
V. Experimental Results
The experimental results address the key issues identified in the simulation of the CSMITL for Z. They are briefly presented by issue in the following subsections.
A. Comparison of CSMITL with Conventional MITL
The CSMITL must be more efficient than the alternatives to merit development. Therefore, we compare the CSMITL to the conventional solution for a single sided MITL power feed to a large radius diode on Saturn. The conventional solution has been to block the pulse from one of the two disks with a large blocking inductor as shown in Figure 5 . 
.,
Time (ns) The CSMITL increases the total power by about a third for this particular application. When the power from the injected beam is subtracted from both results, the power increase with the CSMITL is almost twice that with the standard Saturn configuration of blocking inductor and single-sided MITL. Other applications, e.g. the post-hole convolute, have not yet been tested and the results may differ.
B. Efficient Self-magnetic Insulation
Electrons are not uniformly insulated in a MITL if there is a substantial azimuthal variation in the insulation criterion E/B, in which E and B are the magnitudes of the electric and magnetic field. The ratio of E/B in the Saturn CSMITL varied substantially because the current flows preferentially in the valleys between the tents. Even though the anode-cathode gap was � 1 0% smaller in the valleys than in the tents, the valleys had no electron damage.
Self-magnetically insulated flow is robustly effective in smoothly varying geometries even with substantial azimuthal variations in EIB.
C. Multi-shot Operation without Cleaning
Even with the obvious damage from electron loss when the load impedance was twice the self-limited MITL impedance, the power delivered to the load did not degrade with the damage in two three-shot series. Multi shot operation without inter-shot cleaning or conditioning is effective with the CSMITL. We do not now how many shots can be taken in a series.
D. Protection o/the Vacuum Stack
Protection of the vacuum stack from electrons emitted from the outside edges of the cathode vanes is essential. The 6. 35 mm thick plates undoubtedly emitted some electrons moving towards the insulator but the local fields should channel them to an anode surface. There was no evidence of electron damage in the insulators and no degradation of the insulator strength with multiple shots.
E. Control 0/ Electron Dump Geometry
Electron losses will occur, especially for high impedance loads,. The simulations of the CSMITL for Z showed that the electron losses occur where the combined ExB and gradBxB drifts of the electrons intersect the anode. The component of gradBxB perpendicular to ExB transports electrons to the anode everwhere. However, the component of gradBxB parallel to ExB is in the opposite direction from ExB only near the convex surfaces of the anode tents and retards the electron motion towards the load. The electron loss in the Saturn CSMITL was concentrated at these anode edges, as evident in a close examination of Figure 4 . This feature allows the anode cathode gaps to be increased by �30% in these small regions to make the operation more robust without significantly enhancing the inductance We made one modification during the experimental series. The initial configuration did not have the slits in the sides of the tents shown in Figure 4 . The high impedance shots produced heavy damage on only 4 of the 18 tent halves. The current flow from the top anode contacts was not the same for all 18 surfaces. We, therefore, cut the grooves shown in Figure 4 to help equilibrate the current distribution in the tents. After the modification, the loss was observed on or near the ridge line of all nine tents as intended to satisfy requirements 3 and 9 in Section II. Optimizing the position of the slits may be useful.
F. Minimizing Ion Losses
Minimizing the area over which anode plasma is formed minimizes the ion losses only if the ion flow is limited by simple bipolar flow, in contrast to an ion diode that has high enhancement.
Since the electrons quickly flow directly towards the central load in the CSMITL, we did not expect and did not fmd evidence of enhanced ion flow.
The electron losses and accompanying anode plasma production were limited to nine areas, each of which was �0. 3 cm wide and 30 cm long. The total area was �90 cm 2 and the anode-cathode gap was 1. 2 cm. At 1.6 MV, bipolar flow for a hydrogen anode plasma would produce �20 kA of ion loss or �0. 5% of the total current in agreement with the simulations of the CSMITL for Z.
V. Summary
The fust experiments on the Clam Shell MITL (CSMITL) showed that it delivered more power to a high impedance load than its conventional alternative and operated efficiently without celaning or conditioning between shots. The experiments verified key findings of simulations of the CSMITL for Z. A direct comparison with the the Post-Hole Convolute is required to assess the potential of the CSMITL for solving the problem of current loss with high-impedance loads above 20 MA.
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